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A side effect of the medical improvements of the last centuries is the progressive aging of the world
population, which is estimated to reach the impressive number of 2 billion people with more than 65
years by 2050. As a consequence, age-related diseases, such as heart failure, will affect more and more
patients in the next years. To understand the biological bases of these diseases will be a crucial task in
order to ﬁnd better treatments, and possibly slow age-related morbidity and mortality.
Cardiac stem cells have been at the center of a heated debate and their potential involvement in car-
diac homeostasis has been questioned. In this review, we summarize evidence obtained by independent
groups, on different animal models and humans, that strongly support the important role played by
immature, cardiac resident cells in the cardioprotection against heart failure.
1. Introduction
As a consequence of improvements in reducing perinatal
mortality, treating acute diseases, and ameliorating preventive
medicine, the world population is rapidly aging, so that it has
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been estimated that 2 billion people will be over 65 in 2050 [1].
Biological aging is characterized by a progressive decline of the
abilities to replace cells lost with normal tissue turnover cou-
pled with an impaired ability to respond to a variety of insults,
eventually leading to a condition named frailty. This latter has
been described as a syndrome characterized by decreased reserve
and resistance to stressors, that causes vulnerability to adverse
outcomes. Frailty is not synonymous with comorbidity and dis-
ability. However, comorbidities are a risk factor for frailty and
disabilities are an outcomeof this syndrome [2]. Fromapathophys-
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iological standpoint, frailty is the result of alterations of several
inter-related physiological systems, that lead to a failure in the
function of homeostatic mechanisms [3]. In this regard, the proper
regulation of the complex interaction between poorly differenti-
ated stem/progenitor cell populations residing in adult tissueswith
their specializedmicroenvironment (i.e. stem cell niches) has been
considered to be crucial to generatemature cells adequate in num-
ber and function to provide for tissue homeostasis.
2. Stem cell senescence in aging and age-related
pathologies
2.1. Senescent stem cells accumulate with aging and in
age-related pathologies
Aside fromgerm cells, that constitute a remarkable exception to
cell aging andmayhide the secret for cell rejuvenation, thequantity
of functional somatic stem cells declines with biological aging [4].
This observation supports the “disposable soma” theory of aging,
according towhich the ﬁnitemetabolic resources of each organism
should be optimally located between maintenance and repair of
either its soma or the germline [5]. Since individuals of species that
are protected from those extrinsic causes ofmortality, that occur in
thewild, live beyond their peak of reproductive ﬁtness, phenotypes
of aging and age-related diseases emerge that would not be other-
wise apparent. In line, it can be speculated that, for mutations that
give selective advantages in older ages, beyond the reproductive
age, there is no positive pressure to select enhancedmechanisms of
somatic maintenance [6]. Moreover, organismal maturity has been
associated with a switch between growth promoting to growth
suppressive mechanisms, that leads to a progressive loss of tissue
homeostasis. Speciﬁcally, aging is coupledwith a number of patho-
physiological alterations, such as: a progressive loss ofmusclemass
and function [7], slower wound healing processes [8], defects in
immunity [9], reduced neurogenesis [10], reduced reconstruction
of hair follicle pigmentary unit [11], alterations in vascular struc-
ture and function [12], and a progressive loss of cardiac myocytes
[13]. Intriguingly, a parallel accumulation of cells expressing senes-
cent markers has been observed to occur in tissues with aging,
while the selective clearance of senescent cells prolongs median
lifespan in mice [14]. Cellular senescence is a complex cellular
response to a variety of stressors that is believed to trigger tis-
sue remodeling. Senescent cells are resistant to mitogenic stimuli,
display a permanent growth arrest coupled with a permanently
activated DNA damage response, and release a secretome that is
enriched in pro-inﬂammatory cytokines and matrix remodeling
enzymes (reviewed in [15]). Therefore, a transient induction of cel-
lular senescence, followed by the clearance of senescent cells by
phagocytic cells, is beneﬁcial, since it canpromote tumor regression
or tissue remodeling [16,17].
2.2. Why do senescent and dysfunctional stem cells increase their
frequency with aging?
An accumulating body of literature is showing that, in many
organs, resident stem cells are required for tissue homeostasis
and/or repair after injury. Theobserveddeclineof stemcell function
that ensues with aging has been, therefore, regarded as mechanis-
tic in developing the age relatedpathophysiological alterations that
occur in several tissues.
Deep sequencing experiments have shown that somatic muta-
tions are frequently observed in a large fraction of circulating cells
[18–20]. Consistently, it has been estimated that hematopoietic
stem cells (HSC) accumulate 10 mutations per year [18]. Although
most of these mutations has a neutral effect, part of them is dele-
terious and leads to HSC death or senescence, while others confers
a selective proliferative advantage to the affected HSC. This ﬁnd-
ing has been associated with a progressive collapse of polyclonal
hematopoiesis to a quasi-monoclonal one with aging. In fact, it
has been suggested that every individual with >90years of age has
a single dominant Hematopoietic Stem Cell (HSC) clone generat-
ing the majority of blood cells [6]. Intriguingly, individuals with
clonal hematopoiesis are also characterized by an increased inci-
dence of type 2 diabetes, and of both coronary heart disease and
ischemic stroke [20]. Long term effectsmay arise even as a result of
a correctly repaired DNA damage, since DNA repair may alter DNA
methylationpatterns, andpromotechanges inhistonevariants, his-
tone post-translational modiﬁcations and histone density, leaving
an epigenetic “scar” on chromatin [21]. Consistently, HSC obtained
from aged mice display typical modiﬁcations of epigenetic marks
and, as a consequence, of gene expression patterns, which are
associated with sustained self-renewal and loss of differentiation
[22]. Intriguingly, features of tissue aging coupled with modiﬁca-
tions in gene expression (partially recapitulating those occurring
with aging) have been observed following the controlled induc-
tion of DNA double-strand breaks in vivo [23]. To be mentioned,
genes modulated following DNA damage are enriched in ontology
terms relatedwith inﬂammation, immune response, leukocytepro-
liferation, and chemotaxis [23]. This ﬁnding is reminiscent of the
biologic activity promoted by the modiﬁed secretome released by
senescent cells (i.e. senescence activated secretory phenotype or
SASP). As anticipated and excellently reviewed in [17], the ﬁnal
scope of SASP release is the elimination of senescent cells by inﬁl-
trating leukocytes. Recent ﬁndings, however, indicate that, in the
context of a Pten null background, an immune suppressive SASP is
secreted by senescent cells, which prevents the immune-mediated
ablation of senescent cells [24]. Additionally, aging exerts a pro-
found effect on the immune system, that includes: a skewing of the
hematopoiesis towards themyeloid lineages, and a decrease of NK,
and macrophage cell functions [25]. Therefore, the accumulation
of senescent cells that occurs with aging may be a consequence of
either an immune suppressive SASP or of the reduced function of
key immune cell types that are involved in the removal of senes-
cent cells. This latter event, that may be experimentally inhibited
by means of a pharmacologic or genetic inhibition of immune-
mediated senescent cell disposal, is associated with deleterious
effects, such as: impaired tumor regression [26] or persistent ﬁbro-
sis [27].
2.3. How does an altered environment impacts on stem cell
function and aging?
Age-related changes in stem cell microenvironment (also
known as niche) could limit the reparative performance of this
regenerative pool of cells. Humoral factors and immune cells play
a double role in aging, since they may spread inﬂammation and
promote cell senescence in a paracrine fashion, but are required to
eliminate senescent cells too.
A clear example of the impact exerted by the environment on
stem cell function and tissue aging arises from parabiosis exper-
iments, where the ﬂanks of two animals are sutured in order to
create anastomoses between the two circulatory systems [28].
Early observations demonstrated that ﬂuids and humoral factors
could be exchanged between the parabionts; although a differ-
ence in the transmission of soluble factors was also described (e.g.
steroidal gonadal hormones do not cross the “parabiotic barrier”,
whereas hypophyseal hormones do) [28]. Hematopoietic cells too
are exchanged between the animals, although chimerism requires
seven to ten days of parabiosis in order to reach its maximum [29].
By suturing animals of different ages (i.e. heterochronic parabiosis),
investigators were thus able to demonstrate that blood-borne fac-
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tors could exert both positive and negative effects on age-related
alterations. Speciﬁcally, it was shown that exposure to an aged sys-
temic milieu reduces neurogenesis, hepatocyte proliferation, and
muscle repair (promoting ﬁbrosis). This experimental approach
additionally showed that a converse “rejuvenation” of old tissues
led to improved tissue turnover and healing in the brain, liver and
skeletal muscle [30–32], while it was additionally able to reduce
age-related cardiac hypertrophy [33]. Additionally, heterochronic
cell transplantation experiments performed both in the skeletal
muscle and hematopoietic system have led to the conclusion that
the age of the host, rather than the age of the cell donor, dictates
the efﬁcacy of the treatment [34].
Although these biological effects are largely undisputed, the
mechanisms linked to tissue rejuvenation remain uncompletely
understood and controversial. Among these, it has been shown,
in the skeletal muscle, that the proinﬂammatory cytokine TNF
(that is upregulatedwith aging, in a proinﬂammatory status known
as inﬂammaging) reduces the activation of the Delta1/Notch axis,
which normally occurs in response to injury and is dampenedwith
aging [35,36]. Moreover, the excess of TGF1, that is found in the
serum of aged mice and humans, induces cyclin dependent kinase
inhibition in old muscle stem cells [36]. Wnt signaling, instead,
deserves a special mention. In the skeletal muscle, its activity
is increased both with physiological aging and in the Klotho-
deﬁcient mouse models of accelerated aging [30,37]. Consistently,
serum from aged animals can activate the canonical Wnt pathway,
likely binding to the Frizzled receptors [30], while Wnt16B, that is
secreted by senescent cells (i.e. is a SASP component), can activate
the canonical Wnt/-catenin pathway in vitro [38]. As a result of
the increased Wnt signaling, a myogenic to ﬁbrogenic conversion
of skeletal muscle stem cells has been described [30]. More com-
plex is the impact exerted by Wnt signaling on the cardiovascular
system (we refer the reader to speciﬁc reviews [39,40]), which is
consistent with the dual and stage-speciﬁc role that is played by
this signal transduction pathway during the cardiogenic process.
In fact, although the canonical Wnt signaling promotes the expan-
sionof immature cardiovascularprogenitors, it subsequentlyexerts
an inhibitory effect on cardiomyocyte maturation [41]. To add a
layer of complexity, the age related changes of the cardiac-speciﬁc
Wnt signaling are still controversial, since both an enhanced [42]
and a reduced activation of the pathway have been reported to
occur [43]. Nonetheless, independent studies have demonstrated
the importance of Wnt signaling in promoting repair and ﬁbrosis
followingmyocardial injury, possibly acting on cardiac progenitors
[44,45]. Intriguingly, Wnt is inhibited by the Hippo/YAP pathway
[46], an integrator of biochemical and biophysical stimuli that may
be altered by aging and pathologic conditions [47].
With regard to neural stem cells, it has been shown that
the proinﬂammatory chemokine CCL11 increases with aging and
impairs neurogenesis in mice [31].
A more heated debate and controversy surrounds the role of
Growth Differentiation Factor (GDF) 11 in aging. This latter is a
member of TGF family,which shares a 90% sequence identitywith
the mature form of GDF8 (also known as myostatin), that has been
shown, in recent reports, to decrease with age [33,48,49]. A series
of seminal studies has shown that supplementing old mice with
GDF11may reverse age-related cardiac hypertrophy, could restore
the functional impairment of skeletal muscle stem cells, improve
cerebral vasculature, and enhance neurogenesis [33,48,50]. How-
ever, these data were recently challenged by other reports that
showed that, as opposed towhat previously reported, GDF11 levels
increase with age [51,52]. Furthermore, data from different labora-
tories indicate that GDF11 does not stimulate or could even inhibit
skeletal muscle regeneration [51,53]. These conﬂicting reports,
however could only denote the complexity of GDF11 effects in the
body. In line, the claimed beneﬁcial effects of GDF11 on the brain
have not been confuted yet [54].
An important player, that could be responsible for the beneﬁcial
effects of parabiosis, is the immune system. Indeed, following acute
muscle injury, both pro-inﬂammatory (M1) and anti-inﬂammatory
(M2) macrophages inﬁltrate the damaged area, and exert dis-
tinct, but integrated roles in promoting skeletal muscle repair
[55]. Although, it should be acknowledged that the description of
macrophage activation is still confusing andamatter of debate [56],
regulatory T cells (Treg), that are attracted to the injured area by
IL-33 [57], promote tissue repair both by regulatingM1–M2 switch,
and releasing growth-promoting factors that stimulate satellite
cells [58]. During aging, the reduced capacity for muscle repair
is coupled with a reduced capacity of Treg to accumulate in sites
of tissue damage. This condition may be reversed by IL33 supple-
mentation [57]. We consider these ﬁndings of particular relevance,
since it has been recently shown that mesenchymal stem cell ther-
apy increases the frequency of reparative M2 macrophages in the
infarcted myocardium [59]. Moreover, macrophages were shown
to be essential both for: healing and repair of acute myocardial
infarction in the adult mammalian heart [59], and for the regen-
eration of the neonatal mouse heart [60]. Intriguingly, the plasma
concentrations of soluble ST2 (a decoy receptor for IL33, that is
induced when a mechanical strain is imposed to cardiomyocytes
and ﬁbroblasts) are associated with increased risk for cardiovascu-
lar mortality, in patients with acute and chronic heart failure, and
even in the low-risk, population-based cohort of the Dallas Heart
Study [61].
Last, a relatedmechanism that could inﬂuence the immune sys-
tem, is the bioavailability of trace elements, such as copper (Cu)
and zinc (Zn). Indeed, the Cu to Zn ratio (CZr) is incremented in
acute inﬂammation, increases as a function of age, and is associ-
ated with the risk of cardiovascular disease death [62]. As recently
suggested, inﬂammaging and the SASP released by senescent cells
may be involved in raising CZr levels [62]. Importantly, Zn deﬁ-
ciency is associated with reduced polymorphonuclear chemotaxis
and decreased phagocytosis. Additionally, Zn promotes monocyte
adhesion and is important for the production of pro-inﬂammatory
cytokines, increases the differentiation of CD34+ cells toward NK
cells and increasesNK cytotoxicity. Altogether, these functions sug-
gest that Zn deﬁciency may be associated with a defective ability
of the immune system to clear senescent cells [63].
3. (Stem) cell senescence in heart failure
3.1. Role of stem cells in the turnover of post-natal
cardiomyocytes
Although we are still far away from an unambiguous quantiﬁ-
cation of the cardiac turnover, the evidence that cardiac myocytes
can be generated postnatally has been nowadays accepted and
is no longer viewed as heresy [64,65]. Moving from a large body
of literature showing that mature cardiomyocytes are withdrawn
from the cell cycle soon after birth [66,67], several independent
investigators have hypothesized that, in analogy with what has
been described for other tissues, including the skeletalmuscle [68],
resident, undifferentiated stem/progenitor cells could be respon-
sible for the observed adult myocyte turnover. In support to this
hypothesis, elegant genetic labeling experiments, that took advan-
tage of theMHC-MerCreMer x Z/EGmousemodel to permanently
label cardiomyocytes before injury [69], have repeatedly shown the
contribution of immature cells to myocyte replacement [69–71].
These ﬁndings were consistent with earlier ones, which described
cardiomyocyte chimerism in recipients of sex-mismatched car-
diac transplants [72,73]. However, to inﬂame the debate, more
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recent ﬁndings from Lee’s laboratory, using the same animalmodel
they employed before [65,69,71], have subsequently claimed that
a subset of adult cardiomyocytes would be responsible for car-
diomyocyte renewal [65]. Nonetheless, in almost 15 years of work,
several laboratories worldwide have independently shown that
cells with stem/progenitor properties reside in the myocardium
of mammalians, including humans, and may generate cardiomy-
ocytes, smooth muscle cells, endothelial cells, and ﬁbroblasts both
in vitro and in vivo (reviewed in [74–76]). Cardiac primitive cells
were thus isolated and cultured on the basis of different antigenic
proﬁles and protocols (e.g. c-Kit, Sca1, PDGFR, cardiospheres)
[74–76]. Of these, cKit expressing cells have been at the center of
an intense debate. In fact, while Ellison and coll. have shown that:
cKit+ cells promote the spontaneous wave of myocardial regener-
ation that is observed following isoproterenol infusion, in a mouse
model of Takotsubo cardiomyopathy, while ablation of cKit+ cells
impairs myocardial repair [70], other reports, that employed lin-
eage tracking experiments, have been considered as a deﬁnitive
proof against the stem cell nature of cKit expressing cells [77].
We will not address technical issues and difference in data inter-
pretation that may have led investigators to draw this conclusion
and refer the reader to two commentaries [78,79]. However, we
should point out that, as suggested by Hatzistergos and Hare, 4
independent genetic studies have demonstrated the presence of
cKit+ cardiomyogenic progenitors in the embryonic and postnatal
mouse hearts [78]. However, according to Hatzistergos and coll.,
bonemorphogenetic protein signalingmay restrict the cardiomyo-
genic potential of cKit+ cells, suggesting that external inﬂuences
may limit the cardiomyocyte differentiation of cells that have the
potency to do so (in line with the principles of potentiality and
actuality, already introduced by Aristotle around 300 B.C.) [80].
Accordingly, several reports have demonstrated that the beneﬁ-
cial effect of cardiac cell therapy may result from the ability of
implanted cells to unlock the endogenous potential to repair [81].
Published results from a collaboration between us and Madeddu’s
lab have shown that the stimulation of cardiomyocyte proliferation
from endogenous sources, togetherwith the protection of ischemic
cardiomyocytes from apoptotic cell death, are a potentmechanism
of action of human cardiac stemcells [82,83]. Intriguingly, the exact
mechanism of paracrine action of cardiac progenitors has not been
fully identiﬁed yet, but may involve actors (i.e. miRNAs and exo-
somes) able to target with one hit multiple molecular pathways in
target cells [84,85].
3.2. (Stem) cell senescence is associated with aging and
age-related pathologies
The progressive decline of the ability to adequately maintain
tissue homeostasis or to repair tissues after injury is associated
with the occurrence of age-related diseases (such as heart failure,
HF) and, eventually, with frailty [15]. As summarized in Fig. 1, we
and other authors have tested the hypothesis that the progressive
accumulation of dysfunctional and senescent stem cells (and their
differentiated progeny) plays a crucial role in the pathogenesis of
cardiac aging andHF. Several lines of evidence seem to support this
view. Since it has been postulated [76] and experimentally shown
that different cardiac resident stem cell populations show a large
degree of gene expression overlap [86], we will discuss evidence
of resident stem cell senescence, not distinguishing between the
different (sub)populations of primitive cells.
Senescent primitive cells and cardiomyocytes accumulate in
the myocardium of aged patients with severe systolic dysfunc-
tion, in the absence of a history suggestive of ischemia, diabetes,
hypertension, valvulopathy or myocarditis [87]. Additionally, his-
tological and morphometric data suggested that patients affected
by HF secondary to chronic ischemia were characterized by the
accumulation of senescent stem cells in the left ventricle [88]. This
ﬁnding prompted us to isolate, propagate in culture and analyze
cardiac primitive cells both from recipients of cardiac transplanta-
tion, affected by end stage HF, and from normal, donated hearts.
Histological and in vitro studies showed that both aging and heart
failure deplete human atria of primitive cells. Furthermore, age and
pathology increased the rate of cardiac stem cell senescence and
dysfunction, reducing thier proliferative, migratory and differen-
tiation abilities [82,89,90]. In line, Cossu and coll. demonstrated
the reduced clonogenicity and differentiation capacity of primi-
tive cells isolated from the heart of patients affected by mitral and
aortic regurgitation with ensuing cardiac hypertrophy [91]. With
regard to comorbidities, diabetes too, a relevant age-related dis-
ease, impairs the in vitro proliferative and differentiation capability
of resident stem cells, further accelerating their senescence even
when compared with ischemic, non diabetic patients [92]. Last,
anthracyclin based chemotherapy, a condition that hasbeenassoci-
atedwith accelerated aging [93] andHF, is characterized by cardiac
progenitor cell senescence [94].
3.3. Is stem cell senescence good for the heart?
Although the association between stem cell senescence and
HF has been repeatedly proven, recent data and a provocative
review article of Mun˜oz-Espín and Serrano [16] have suggested
that the accumulation of senescent ﬁbroblasts that is observed
aftermyocardial infarctionmay indeed be beneﬁcial, since itwould
limit cardiac ﬁbrosis [95]. Nonetheless, while an acute induction of
cell senescence may be required to stimulate regeneration (as sug-
gested in the same review [16]), an increasing level of evidence
indicates that the persistence of senescent stem cells limits car-
diac repair and may lead to HF. In line, the selective clearance of
senescent, p16InkA positive, cells that accumulate in mouse tissues
(including the heart) with aging is associated with a reduction of
cardiac hypertrophy, and an increased resistance of the heart to
-adrenergic stress [14].
With regard to the speciﬁc involvement of cardiac resident
stem cells in tissue repair, Ellison and coll. have demonstrated
that the selective ablation of cKit+ cells reduces the ability of
acutely injured hearts to recover [79]. In line with these data,
focusing on anthracyclin cardiomyopathy, DeAngelis and coll. have
recently observed that, while the direct injection of healthy cardiac
stem cells improves the cardiac function and anatomy of Doxoru-
bicin (DOXO) treated rats, senescent cardiac stem cells, that were
exposed to DOXO before in vivo administration, did not promote
myocardial repair in the same animal model [94].
Focusing on the molecular mechanisms associated with car-
diac stem cell dysfunction, independent groups have additionally
shown that biological aging and diabetes are coupled with a
reduced expression of the serine/threonine kinase Pim1 [96,97].
Importantly, the forced expression of this protein reversed car-
diacdysfunctionanddiminished the frequencyof senescent cardiac
primitive cells [96,97]. Pim1 regulates the expression of nucle-
ostemin (a stem cell-related nucleolar protein required for cell
cycle progression and proliferation, that is downregulated follow-
ing differentiation) via cMyc. Intriguingly, aging and replicative
senescence are associated with a progressive loss of nucleostemin
expression, while mice that are haploinsufﬁcient for nucleostemin
are characterized by an accelerated cardiac remodeling leading
to HF, coupled with cell senescence [98]. To further advance
our understanding of the mechanisms coupled with stem cell
senescence and dysfunction in HF, we took advantage of gene
expression proﬁling and biostatistical analysis of genes differen-
tially expressed between cardiac resident stem cells cultured from
normal organs vs. failing hearts [82,89,90]. With this approach,
we have shown that the hyperactivation of the TORC1 com-
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Fig. 1. Involvement of stem cell senescence in aging and heart failure. Cartoon summarizing the experimental evidence, collected both on animal models and humans,
indicating the involvement of cardiac stem cells in cardiac pathology. The function, activation, and senescence of cardiac resident stem cells was evaluated in mice, rats, and
humans. Speciﬁcally, mouse and rat models of drug induced injury (i.e. isoproterenol, doxorubicin or streptozotocin administration to mimic Takotsubo cardiomyopathy,
chemotherapy induced cardiomyopathy or type 1 diabetes, respectively), aged mice, and mice heterozygous for the expression of nucleostemin were studied. Samples of
donated and explanted human hearts collected after cardiac transplantation were analyzed as well. Histologically, cardiac remodeling is characterized by hypertrophy of
cardiomyocytes (depicted in red), ﬁbrosis (shown in cyan), and by the accumulation of cardiac resident stem cells (labeled in green) that express senescent markers (labeled
in pink). Takotsubo-like cardiomyopathy, induced by the acute administration of isoproterenol, is characterized by acute cell injury and death (yellow labeling of nuclei),
inﬂammatory cell inﬁltration, and by cardiac stem cell activation.
Table 1
Experimental interventions of “rejuvenation” that have been reported in the literature.
Type of
intervention
Intervention modality Mechanism of action Reference
Systemic intervention Genetic ablation of p16INK4A
positive cells (i.e. senolytic
approach).
Activation of a drug inducible suicide
transgene (i.e. INK-ATTAC) that becomes
activated in senescent cells.
[14,101]
Pharmacological removal of
senescent cells (i.e. use of senolytic
drugs).
Inhibition of prosurvival, anti-apoptotic
pathways in senescent cells (e.g. by
dasatinib, quercetin, navitoclax, and
TW-37)
[99,102]
Restoration of a “youthful”
microenvironment.
Administration of systemic factors (e.g.
GDF11, oxytocin or BPIFB4) or inhibition of
pathways altered with aging (e.g. TGF or
Wnt). However, the impact of these
interventions on cardiovascular system
rejuvenation is still speculative or unclear.
[33,103–106]
Cell therapy Administration of young, healthy
stem cells to a diseased heart.
Protection from cardiomyocyte senescence
and improved cardiac repair.
[82,83,107]
Ex vivo rejuvenation of
reparative cells
In vitro pharmacologic
pre-treatment of stem cells
isolated from old, diseased animals
followed by their in vivo delivery.
Inhibition or activation of pathways that
are modiﬁed by the aging process (e.g.
inhibition of mTOR signaling, Sirt1
activation).
Use of epigenetic drugs able to revert, at
least partially, the alterations that are
associated with systemic diseases (e.g.
diabetes).
[82,92,94]
Genetic modiﬁcation of stem cells
to enhance their function.
Overexpression of either the prosurvival
kinase Pim-1 or nucelostemin to reverse
cellular senescence. Overexpression of
CAMKIIB to enhance stress resistance.
[97,98,108]
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plex, coupled with altered proteostasis, and a dysfunction of the
autophagy/lysosome pathway are central players leading to car-
diac stem cell dysfunction. Importantly, these alterations can be
reversedbymeansof apharmacological treatment, that reduces the
frequencyof senescent stemcells and restores the in vivo reparative
properties of cardiac stem cells [82]. In line with our data, Vecellio
and coll. have recently demonstrated that the altered function of
cardiac resident stem cells isolated fromdiabetic patients is associ-
atedwith amodiﬁed epigenetic landscape. Importantly, epigenetic
interventions could reverse these alterations in vitro [94]. Last, acti-
vation of the class III histone deacetylase Sirt1 was able to prevent
the senescence of cardiac stem cells exposed to doxorubicin, par-
tially restoring their in vivo reparative properties [94].
4. Cardiac rejuvenation
Given these premises, several investigators have tried to restore
cardiac structure and function with different strategies that have
been collectively named cardiac “rejuvenation”.
As summarized in Table 1, the experimental approaches could
be broadly classiﬁed into four distinct groups: organism rejuvena-
tion by means of systemic interventions, cardiac rejuvenation by
means of cell therapy, and ex vivo rejuvenation of reparative cells.
Among these interventions, the identiﬁcation of senolytic drugs,
able to clear senescent cells inducing their apoptosis is certainly
one of the most exciting areas of investigation [99]. It is tempt-
ing to speculate that this approach will be translated to the clinic,
especially if it will combine in vitro screening assays on relevant
cell types, such as cardiac progenitors cultured fromhuman cardiac
biopsies, with appropriate animal models [100].
5. Conclusion
Aging and heart failure are associated with a progressive accu-
mulation of senescent tissue resident cardiac stem cells. The
mechanisms that lead to this outcome are part cell intrinsic, part
due to systemic changes associated with organism aging. A heated
debate has questioned the role of resident stem cells in tissue
homeostasis and the causative role of the persistence of senescent
cells in cardiac dysfunction. In this review,we have brieﬂy reported
data from a large number of studies, obtained from different labo-
ratories, on independent animal models (including humans), that
support the notions that: resident stem cells sustain cardiac repair
after damage; aging and HF are coupled with the accumulation
of epigenetic, gene expression, and biological changes of cardiac
resident stem cells that accelerate their senescence rate, impair-
ing their protective function. Finally, and most importantly, we
have understood that the alterations imposed on resident cells by
pathology are not irreversible, but could be reversed by pharmaco-
logical therapy, opening the possibility of employing patient-based
cellularmodels to better tailor cardioprotective drugs, able to stim-
ulate the primitive cell compartment.
References
[1] R. Suzman, et al., Health in an ageing world-what do we know? Lancet 385
(9967) (2015) 484–486.
[2] L.P. Fried, et al., Frailty in older adults: evidence for a phenotype, J. Gerontol.
A. Biol. Sci. Med. Sci. 56 (3) (2001) M146–M156.
[3] A. Clegg, et al., Frailty in elderly people, Lancet 381 (9868) (2013) 752–762.
[4] S.E. Artandi, et al., Stem cells and aging: what’s next? Cell Stem Cell 16 (6)
(2015) 578–581.
[5] O.R. Jones, et al., Diversity of ageing across the tree of life, Nature 505 (7482)
(2014) 169–173.
[6] M.A. Goodell, T.A. Rando, Stem cells and healthy aging, Science 350 (6265)
(2015) 1199–1204.
[7] D.M. Mijnarends, et al., Physical activity and incidence of sarcopenia: the
population-based AGES-Reykjavik study, Age Ageing (2016).
[8] A. Quirinia, A. Viidik, The inﬂuence of age on the healing of normal and
ischemic incisional skin wounds, Mech. Ageing Dev. 58 (2–3) (1991)
221–232.
[9] C.R. Gomez, et al., Innate immunity and aging, Exp. Gerontol. 43 (8) (2008)
718–728.
[10] C.J. Miranda, et al., Aging brain microenvironment decreases hippocampal
neurogenesis through Wnt-mediated survivin signaling, Aging Cell 11 (3)
(2012) 542–552.
[11] D. Van Neste, D.J. Tobin, Hair cycle and hair pigmentation: dynamic
interactions and changes associated with aging, Micron 35 (3) (2004)
193–200.
[12] E.G. Lakatta, So! What’s aging? Is cardiovascular aging a disease? J. Mol. Cell.
Cardiol. 83 (2015) 1–13.
[13] L. Yan, et al., Calorie restriction can reverse: as well as prevent, aging
cardiomyopathy, Age (Dordr.) 35 (6) (2013) 2177–2182.
[14] D.J. Baker, et al., Naturally occurring p16(Ink4a)-positive cells shorten
healthy lifespan, Nature 530 (7589) (2016) 184–189.
[15] G. Gianfranceschi, et al., Stem cell senescence as the memory of past
injuries, Curr. Pathobiol. Rep. 2015 (2016) 1–10.
[16] D. Munoz-Espin, M. Serrano, Cellular senescence: from physiology to
pathology, Nat. Rev. Mol. Cell Biol. 15 (7) (2014) 482–496.
[17] A. Lujambio, To clear, or not to clear (senescent cells)? That is the question,
Bioessays 38 (Suppl. 1) (2016) S56–S64.
[18] J.S. Welch, et al., The origin and evolution of mutations in acute myeloid
leukemia, Cell 150 (2) (2012) 264–278.
[19] G. Genovese, et al., Clonal hematopoiesis and blood-cancer risk inferred
from blood DNA sequence, N. Engl. J. Med. 371 (26) (2014) 2477–2487.
[20] S. Jaiswal, et al., Age-related clonal hematopoiesis associated with adverse
outcomes, N. Engl. J. Med. 371 (26) (2014) 2488–2498.
[21] J. Dabin, A. Fortuny, S.E. Polo, Epigenome maintenance in response to DNA
damage, Mol. Cell 62 (5) (2016) 712–727.
[22] D. Sun, et al., Epigenomic proﬁling of young and aged HSCs reveals
concerted changes during aging that reinforce self-renewal, Cell Stem Cell
14 (5) (2014) 673–688.
[23] R.R. White, et al., Controlled induction of DNA double-strand breaks in the
mouse liver induces features of tissue ageing, Nat. Commun. 6 (2015) 6790.
[24] A. Toso, et al., Enhancing chemotherapy efﬁcacy in Pten-deﬁcient prostate
tumors by activating the senescence-associated antitumor immunity, Cell
Rep. 9 (1) (2014) 75–89.
[25] A.C. Shaw, et al., Aging of the innate immune system, Curr. Opin. Immunol.
22 (4) (2010) 507–513.
[26] A. Iannello, et al., p53-dependent chemokine production by senescent
tumor cells supports NKG2D-dependent tumor elimination by natural killer
cells, J. Exp. Med. 210 (10) (2013) 2057–2069.
[27] A. Sagiv, et al., Granule exocytosis mediates immune surveillance of
senescent cells, Oncogene 32 (15) (2013) 1971–1977.
[28] J.C. Finerty, Parabiosis in physiological studies, Physiol. Rev. 32 (3) (1952)
277–302.
[29] J.M. Wu, et al., Circulating cells contribute to cardiomyocyte regeneration
after injury, Circ. Res. 116 (4) (2015) 633–641.
[30] A.S. Brack, et al., Increased Wnt signaling during aging alters muscle stem
cell fate and increases ﬁbrosis, Science 317 (5839) (2007) 807–810.
[31] S.A. Villeda, et al., The ageing systemic milieu negatively regulates
neurogenesis and cognitive function, Nature 477 (7362) (2011) 90–94.
[32] I.M. Conboy, et al., Rejuvenation of aged progenitor cells by exposure to a
young systemic environment, Nature 433 (7027) (2005) 760–764.
[33] F.S. Loffredo, et al., Growth differentiation factor 11 is a circulating factor
that reverses age-related cardiac hypertrophy, Cell 153 (4) (2013) 828–839.
[34] D.E. Harrison, Long-term erythropoietic repopulating ability of old: young,
and fetal stem cells, J. Exp. Med. 157 (5) (1983) 1496–1504.
[35] S. Acharyya, et al., TNF inhibits Notch-1 in skeletal muscle cells by Ezh2 and
DNA methylation mediated repression: implications in duchenne muscular
dystrophy, PLoS One 5 (8) (2010) e12479.
[36] M.E. Carlson, et al., Relative roles of TGF-beta1 and Wnt in the systemic
regulation and aging of satellite cell responses, Aging Cell 8 (6) (2009)
676–689.
[37] H. Liu, et al., Augmented Wnt signaling in a mammalian model of
accelerated aging, Science 317 (5839) (2007) 803–806.
[38] Y. Sun, et al., Treatment-induced damage to the tumor microenvironment
promotes prostate cancer therapy resistance throughWNT16B, Nat. Med. 18
(9) (2012) 1359–1368.
[39] G. Ozhan, G. Weidinger, Wnt/beta-catenin signaling in heart regeneration,
Cell Regen. (Lond.) 4 (1) (2015) p3.
[40] Y. Lecarpentier, et al., Circadian rhythms, Wnt/beta-catenin pathway and
PPAR alpha/gamma proﬁles in diseases with primary or secondary cardiac
dysfunction, Front. Physiol. 5 (2014) 429.
[41] X. Lian, et al., Robust cardiomyocyte differentiation from human pluripotent
stem cells via temporal modulation of canonical Wnt signaling, Proc. Natl.
Acad. Sci. U. S. A. 109 (27) (2012) E1848–57.
[42] A.T. Naito, I. Shiojima, I. Komuro, Wnt signaling and aging-related heart
disorders, Circ. Res. 107 (11) (2010) 1295–1303.
[43] Q. Li, S.S. Hannah, Wnt/beta-catenin signaling is downregulated but
restored by nutrition interventions in the aged heart in mice, Arch. Gerontol.
Geriatr. 55 (3) (2012) 749–754.
732 D. Cesselli et al. / Pharmacological Research 127 (2018) 26–32
[44] M. Matteucci, et al., Magnetic resonance imaging of infarct-induced
canonical wingless/integrated (Wnt)/beta-catenin/T-cell factor pathway
activation, in vivo, Cardiovasc. Res. 112 (3) (2016) 645–655.
[45] J. Duan, et al., Wnt1/betacatenin injury response activates the epicardium
and cardiac ﬁbroblasts to promote cardiac repair, EMBO J. 31 (2) (2012)
429–442.
[46] T. Heallen, et al., Hippo pathway inhibits Wnt signaling to restrain
cardiomyocyte proliferation and heart size, Science 332 (6028) (2011)
458–461.
[47] M. Pesce, et al., Cardiac mechanoperception: a life-long story from early
beats to aging and failure, Stem Cells Dev. (2016).
[48] M. Sinha, et al., Restoring systemic GDF11 levels reverses age-related
dysfunction in mouse skeletal muscle, Science 344 (6184) (2014) 649–652.
[49] T. Poggioli, et al., Circulating growth differentiation factor 11/8 levels
decline with age, Circ. Res. 118 (1) (2016) 29–37.
[50] L. Katsimpardi, et al., Vascular and neurogenic rejuvenation of the aging
mouse brain by young systemic factors, Science 344 (6184) (2014) 630–634.
[51] M.A. Egerman, et al., GDF11 increases with age and inhibits skeletal muscle
regeneration, Cell Metab. 22 (1) (2015) 164–174.
[52] B.D. Rodgers, J.A. Eldridge, Reduced circulating GDF11 is unlikely
responsible for age-dependent changes in mouse heart muscle, and brain,
Endocrinology 156 (11) (2015) 3885–3888.
[53] A.C. Hinken, et al., Lack of evidence for GDF11 as a rejuvenator of aged
skeletal muscle satellite cells, Aging Cell 15 (3) (2016) 582–584.
[54] J. Kaiser, Regenerative medicine. ‘Rejuvenating’ protein doubted, Science
348 (6237) (2015) 849.
[55] L. Arnold, et al., Inﬂammatory monocytes recruited after skeletal muscle
injury switch into antiinﬂammatory macrophages to support myogenesis, J.
Exp. Med. 204 (5) (2007) 1057–1069.
[56] P.J. Murray, et al., Macrophage activation and polarization: nomenclature
and experimental guidelines, Immunity 41 (1) (2014) 14–20.
[57] W. Kuswanto, et al., Poor repair of skeletal muscle in aging mice reﬂects a
defect in local: interleukin-33-dependent accumulation of regulatory t cells,
Immunity 44 (2) (2016) 355–367.
[58] D. Burzyn, et al., A special population of regulatory T cells potentiates
muscle repair, Cell 155 (6) (2013) 1282–1295.
[59] T. Ben-Mordechai, et al., Macrophage subpopulations are essential for
infarct repair with and without stem cell therapy, J. Am. Coll. Cardiol. 62
(20) (2013) 1890–1901.
[60] A.B. Aurora, et al., Macrophages are required for neonatal heart
regeneration, J. Clin. Invest. 124 (3) (2014) 1382–1392.
[61] L.Q. Chen, et al., Soluble ST2 is associated with all-cause and cardiovascular
mortality in a population-based cohort: the Dallas Heart Study, Clin. Chem.
59 (3) (2013) 536–546.
[62] M. Malavolta, et al., Plasma copper/zinc ratio: an inﬂammatory/nutritional
biomarker as predictor of all-cause mortality in elderly population,
Biogerontology 11 (3) (2010) 309–319.
[63] P. Bonaventura, et al., Zinc and its role in immunity and inﬂammation,
Autoimmun. Rev. 14 (4) (2015) 277–285.
[64] O. Bergmann, et al., Evidence for cardiomyocyte renewal in humans, Science
324 (5923) (2009) 98–102.
[65] S.E. Senyo, et al., Mammalian heart renewal by pre-existing cardiomyocytes,
Nature 493 (7432) (2013) 433–436.
[66] P. Ahuja, P. Sdek, W.R. MacLellan, Cardiac myocyte cell cycle control in
development: disease, and regeneration, Physiol. Rev. 87 (2) (2007)
521–544.
[67] K. Oyama, et al., Epigenetic regulation of cardiac myocyte differentiation,
Front. Genet. 5 (2014) 375.
[68] B.D. Cosgrove, et al., Rejuvenation of the muscle stem cell population
restores strength to injured aged muscles, Nat. Med. 20 (3) (2014) 255–264.
[69] P.C. Hsieh, et al., Evidence from a genetic fate-mapping study that stem cells
refresh adult mammalian cardiomyocytes after injury, Nat. Med. 13 (8)
(2007) 970–974.
[70] G.M. Ellison, et al., Adult c-kit(pos) cardiac stem cells are necessary and
sufﬁcient for functional cardiac regeneration and repair, Cell 154 (4) (2013)
827–842.
[71] F.S. Loffredo, et al., Bone marrow-derived cell therapy stimulates
endogenous cardiomyocyte progenitors and promotes cardiac repair, Cell
Stem Cell 8 (4) (2011) 389–398.
[72] P. Muller, et al., Cardiomyocytes of noncardiac origin in myocardial biopsies
of human transplanted hearts, Circulation 106 (1) (2002) 31–35.
[73] F. Quaini, et al., Chimerism of the transplanted heart, N. Engl. J. Med. 346 (1)
(2002) 5–15.
[74] A. Beltrami, D. Cesselli, C. Beltrami, Cardiac resident stem cells: work (Still)
in progress, J. Stem Cell Res. Ther. S9 (2012) p001.
[75] M. Noseda, M. Abreu-Paiva, M.D. Schneider, The quest for the adult cardiac
stem cell, Circ. J. 79 (7) (2015) 1422–1430.
[76] B. Nadal-Ginard, G.M. Ellison, D. Torella, The cardiac stem cell compartment
is indispensable for myocardial cell homeostasis, repair and regeneration in
the adult, Stem Cell Res 13 (3 Pt B) (2014) 615–630.
[77] J.H. van Berlo, J.D. Molkentin, An emerging consensus on cardiac
regeneration, Nat. Med. 20 (12) (2014) 1386–1393.
[78] K.E. Hatzistergos, J.M. Hare, Murine models demonstrate distinct
vasculogenic and cardiomyogenic cKit+ lineages in the heart, Circ. Res. 118
(3) (2016) 382–387.
[79] B. Nadal-Ginard, G.M. Ellison, D. Torella, Absence of evidence is not evidence
of absence: pitfalls of cre knock-ins in the c-Kit locus, Circ. Res. 115 (4)
(2014) 415–418.
[80] K.E. Hatzistergos, et al., cKit+ cardiac progenitors of neural crest origin, Proc.
Natl. Acad. Sci. U. S. A. 112 (42) (2015) 13051–13056.
[81] K. Malliaras, et al., Cardiomyocyte proliferation and progenitor cell
recruitment underlie therapeutic regeneration after myocardial infarction
in the adult mouse heart, EMBO Mol. Med. 5 (2) (2013) 191–209.
[82] E. Avolio, et al., Ex vivo molecular rejuvenation improves the therapeutic
activity of senescent human cardiac stem cells in a mouse model of
myocardial infarction, Stem Cells 32 (9) (2014) 2373–2385.
[83] E. Avolio, et al., Combined intramyocardial delivery of human pericytes and
cardiac stem cells additively improves the healing of mouse infarcted hearts
through stimulation of vascular and muscular repair, Circ. Res. 116 (10)
(2015) e81–94.
[84] L. Barile, et al., Extracellular vesicles from human cardiac progenitor cells
inhibit cardiomyocyte apoptosis and improve cardiac function after
myocardial infarction, Cardiovasc. Res. 103 (4) (2014) 530–541.
[85] A. Aguirre, et al., In vivo activation of a conserved microRNA program
induces mammalian heart regeneration, Cell Stem Cell 15 (5) (2014)
589–604.
[86] R. Gaetani, et al., Different types of cultured human adult cardiac progenitor
cells have a high degree of transcriptome similarity, J. Cell. Mol. Med. 18 (11)
(2014) 2147–2151.
[87] C. Chimenti, et al., Senescence and death of primitive cells and myocytes
lead to premature cardiac aging and heart failure, Circ. Res. 93 (7) (2003)
604–613.
[88] K. Urbanek, et al., Myocardial regeneration by activation of multipotent
cardiac stem cells in ischemic heart failure, Proc. Natl. Acad. Sci. U. S. A. 102
(24) (2005) 8692–8697.
[89] D. Cesselli, et al., Effects of age and heart failure on human cardiac stem cell
function, Am. J. Pathol. 179 (1) (2011) 349–366.
[90] G. Gianfranceschi, et al., Critical role of lysosomes in the dysfunction of
human Cardiac Stem Cells obtained from failing hearts, Int. J. Cardiol. 216
(2016) 140–150.
[91] B.G. Galvez, et al., Human cardiac mesoangioblasts isolated from
hypertrophic cardiomyopathies are greatly reduced in proliferation and
differentiation potency, Cardiovasc. Res. 83 (4) (2009) 707–716.
[92] M. Vecellio, et al., The histone acetylase activator pentadecylidenemalonate
1b rescues proliferation and differentiation in the human cardiac
mesenchymal cells of type 2 diabetic patients, Diabetes 63 (6) (2014)
2132–2147.
[93] H.K. Sanoff, et al., Effect of cytotoxic chemotherapy on markers of molecular
age in patients with breast cancer, J. Natl. Cancer Inst. 106 (4) (2014) dju057.
[94] A. De Angelis, et al., SIRT1 activation rescues doxorubicin-induced loss of
functional competence of human cardiac progenitor cells, Int. J. Cardiol. 189
(2015) 30–44.
[95] F. Zhu, et al., Senescent cardiac ﬁbroblast is critical for cardiac ﬁbrosis after
myocardial infarction, PLoS One 8 (9) (2013) e74535.
[96] R. Katare, et al., Intravenous gene therapy with PIM-1 via a cardiotropic viral
vector halts the progression of diabetic cardiomyopathy through promotion
of prosurvival signaling, Circ. Res. 108 (10) (2011) 1238–1251.
[97] S. Mohsin, et al., Rejuvenation of human cardiac progenitor cells with Pim-1
kinase, Circ. Res. 113 (10) (2013) 1169–1179.
[98] N. Hariharan, et al., Nucleostemin rejuvenates cardiac progenitor cells and
antagonizes myocardial aging, J. Am. Coll. Cardiol. 65 (2) (2015) 133–147.
[99] Y. Zhu, et al., The Achilles’ heel of senescent cells: from transcriptome to
senolytic drugs, Aging Cell 14 (4) (2015) 644–658.
[100] J.L. Kirkland, T. Tchkonia, Clinical strategies and animal models for
developing senolytic agents, Exp. Gerontol. 68 (2015) 19–25.
[101] D.J. Baker, et al., Clearance of p16Ink4a-positive senescent cells delays
ageing-associated disorders, Nature (2011).
[102] Y. Zhu, et al., Identiﬁcation of a novel senolytic agent: navitoclax, targeting
the Bcl-2 family of anti-apoptotic factors, Aging Cell 15 (3) (2016) 428–435.
[103] F. Villa, et al., Genetic analysis reveals a longevity-associated protein
modulating endothelial function and angiogenesis, Circ. Res. 117 (4) (2015)
333–345.
[104] F. Villa, et al., Serum BPIFB4 levels classify health status in long-living
individuals, Immun. Ageing 12 (2015) 27.
[105] H. Yousef, et al., Systemic attenuation of the TGF-beta pathway by a single
drug simultaneously rejuvenates hippocampal neurogenesis and
myogenesis in the same old mammal, Oncotarget 6 (14) (2015)
11959–11978.
[106] K. Dawson, M. Aﬂaki, S. Nattel, Role of the Wnt-Frizzled system in cardiac
pathophysiology: a rapidly developing, poorly understood area with
enormous potential, J. Physiol. 591 (6) (2013) 1409–1432.
[107] A. De Angelis, et al., Anthracycline cardiomyopathy is mediated by depletion
of the cardiac stem cell pool and is rescued by restoration of progenitor cell
function, Circulation 121 (2) (2010) 276–292.
[108] P. Quijada, et al., Nuclear calcium/calmodulin-dependent protein kinase II
signaling enhances cardiac progenitor cell survival and cardiac lineage
commitment, J. Biol. Chem. 290 (42) (2015) 25411–25426.
